in the crossmodal conditions by means of a conjunction analysis (Price and Friston, 1997). Cognitive conjunction experiments are designed such that two or more distinct task pairs each share a common processing difference (in our case, crossmodal information transfer between the visual and sensorimotor systems and vice versa). The neural correlates of the processes of interest are then associated with common areas activated in each task pair. Thus, in the present study, the intramodal conditions (those conditions in which no crossmodal transfer of object information was required, i.e., VV and TT) could alternatively be interpreted as some kind of "high-level" control conditions for each of the two crossmodal tasks (VT, TV). We hypothesized that the neural activity in the putative human equivalent of macaque area AIP should be enhanced during the latter two conditions, although the area may also show some neural activity during the pure visual (VV) and the pure manipulative (TT) tasks, since in monkeys this area contains 
Task Performance
The analysis of subjects' performance (ANOVA on ranks) during the fMRI experiment showed no statistically siginformation processing would result in increased neural nificant differences (p ϭ 0.11) in the rate of correct anactivity in the anterior part of the lateral bank of the IPS.
swers between crossmodal (correct responses ϭ 83.7% To test this hypothesis, we measured changes in neural
[mean], SD ϭ 6.6%; mean reaction time ϭ 2145 ms, activity in normal volunteers using fMRI while subjects SD ϭ 282 ms) and intramodal (correct responses ϭ performed a crossmodal delayed matching-to-sample 85.9% [mean], SD ϭ 6.6%; mean reaction time ϭ 2125 (DMS) task that involved object encoding and recognims, SD ϭ 358 ms) object recognition. Additionally, no tion. For visual and tactile object encoding and recognisignificant increases of task performance (p ϭ 0.23) or tion, abstract objects like pyramids, triangles, squares, reaction time (p ϭ 0.75) as a result of training were and other geometrical patterns were used (Figure 1) . observed during scanning, since subjects had been exThe volunteers were asked to encode an object either tensively trained before scanning. visually or by tactile manipulation. After 5 s, the object was removed and-with a delay of 1 s-replaced by either the same or a different object. Subjects were then Modality-Specific Activations Significant (n ϭ 12; p Ͻ 0.05, corrected for multiple given a 5 s recognition period during which they were asked to assess the new object either visually or by comparisons) modality (visual, tactile)-specific activations were assessed using statistical parametric maptactile manipulation and to decide (and indicate via button press) whether or not the new object was identical ping (SPM 99; Wellcome Department of Cognitive Neurology, http://www.fil.ion.ucl.ac.uk) and a random with the one presented before (cf. Figure 1 ). This renders four combinations of object encoding and recognition:
effects model. This model compares the mean activation to the intersubject variation in that activation. Only activisual encoding, visual recognition (VV); tactile encoding, tactile recognition (TT); visual encoding, tactile recvations that show consistent positive parameter estimates across all subjects survive that model; missing ognition (VT); and tactile encoding, visual recognition (TV). In the latter two conditions, object-related informaactivations in one or more subjects inflate the error variance and therefore reduce the t value. Thus, significant tion had to be transferred between the visual and sensorimotor processing circuits since other features such as activations allow inferences not only about the sample but also for the general population (Friston et al., 1999a, color or texture were not available for alternative object recognition strategies. 1999b). Visual stimulation (object encoding and recognition, Note, this experiment was specifically designed to reveal neural activity common to the two crossmodal VV) relative to tactile stimulation (TT) increased neural activity in a bilateral visual processing network including conditions (VT, TV) in which object properties were encoded in one modality but had to be transferred subseoccipital cortex, parietal cortex, temporal cortex, and frontal cortex, thus comprising both ventral and dorsal quently into another modality for the purpose of object recognition. Accordingly, the design of the experiment visual pathways (Ungerleider and Mishkin, 1982). Likewise, tactile stimulation (object encoding and recogniprimarily aims at revealing areas preferentially activated All twelve subjects showed a pattern of neural activaactivation in the unimodal conditions (Figures 2A-2D The aim of the present study was to test the hypothesis left anterior intraparietal cortex (x ϭ Ϫ42, y ϭ Ϫ38, that an area in human anterior intraparietal cortex is z ϭ ϩ38; Z ϭ 3.92). Further areas showing a significant specifically activated by object-related crossmodal in-(p Ͻ 0.05, corrected for whole-brain volume) interaction formation transfer between the two senses "vision" and were observed in the right cerebellum, the left precentral "touch." By means of conjunction analyses, we identified an area in the lateral bank of the anterior intraparietal gyrus, the posterior wall of the left postcentral sulcus, sulcus that showed significantly increased neural activand in the left SII. Inspection of the BOLD responses of ity during object-related crossmodal information prothese regions, however, showed high positive signal cessing over and above the level of neural activity in changes in TT, low positive signal changes in VT and this area during unimodal object-related information TV, and a strong negative BOLD signal change in VV.
processing. Based on both the functional characteristics Thus, the deactivation in VV mathematically counterbalobserved and its anatomical location we suggest that ances for the high signal in TT and thereby leads to a this area is the human equivalent of macaque anterior relative surplus of VT and TV. Although such a pattern intraparietal area (AIP), which is known to respond speof BOLD responses also demonstrates a significant incifically to polymodal object-related information proteraction of the factors encoding and recognition, the cessing and which lies in the lateral bank of the anterior activation pattern observed in these areas does not reportion of macaque intraparietal sulcus. flect increased crossmodal processing, but rather, a
In nonhuman primates, the intraparietal sulcus constrong unimodal (sensorimotor) BOLD response weaksists of a number of functionally distinct areas that have ened by increased visual processing demands. In this been extensively characterized by means of their eleccontext, one should keep in mind that the two factors, trophysiological and anatomical properties. These areas encoding and recognition, also include differences in are related to visually guided hand-manipulation tasks stimulation (visual and tactile), as the blocked design and processing of 3D shapes (anterior intraparietal area did not allow us to separate the hemodynamic response With respect to the polymodal object-related task of tion and manipulation of objects (Sakata et al., 1995) , and which are highly responsive to both size and shape the present study, area AIP, which is located in the lateral bank of the anterior intraparietal sulcus, is the of objects (Murata et al., 2000) . These neurons can be further subdivided into three groups according to their area of interest for both electrophysiological and anatomical reasons. Electrophysiologically, in this area, functional (sub-)specialization. "Motor-dominant" neurons discharge to fairly similar degrees during object neurons have been described that are active during fixa- The task used in the present study is undoubtedly different from those used to study monkey area AIP Other studies that have dealt with crossmodal object recognition have so far failed to observe activations of since our subjects did not perform a grasping movement under visual control. Human imaging studies that use areas in the intraparietal sulcus. For example, Hadjikhani and Roland (1998) used positron emission tomogratasks also employed to study monkey area AIP already exist (e.g., Binkofski et al., 1998), but activated a whole phy (PET) to identify neural activity when volunteers matched spherical ellipsoids within or across the visual cortical network of premotor, sensorimotor and (intra-) parietal areas rather than isolating human AIP. In the or tactile modality. They observed only one cluster of activation during the crossmodal transfer conditions, present study, using a visual and somatosensory shapeprocessing task rather than a pure grasping task, we which was situated in the right insular region with a center of gravity near the claustrum. There was no brain demonstrate an activation in anterior intraparietal cortex (rather than a whole network of areas), which fulfills all region activated during all conditions (intramodal and crossmodal tasks). At variance, we found no activation response characteristics observed for macaque area AIP: the area is activated by object shape processing in the claustrum or insular cortex during our crossmodal matching task, but rather, observed the expected inirrespective of the tactile of visual domaine and shows short-term memory functions. These functional characcrease in neural activity in the anterior aspect of the intraparietal cortex. This area, which we suggest to be teristics make it unlikely that the area activated could correspond to other modules in IPS (e.g., VIP or LIP). hAIP, was differentially more active during the crossmodal transfer conditions than during intramodal condiMoreover, the anatomical position of hAIP according to the present study is similar to that of monkey AIP, a tions (TT, VV). However, the area was also active during the intramodal conditions (relative to the low-level basefinding that may help to identify hAIP histologically by means of post mortem studies of human cytoarchiline). When discussing these discrepant findings, it is worth remembering that in the study of Hadjikhani and tecture. The differences between the task employed in the Roland (1998) (and also in other studies, see, e.g., Banati et al., 2000) , stimuli for visual-tactile matching were precurrent study and the tasks typically employed to study macaque area AIP may also help to explain the lack sented simultaneously, whereas in the present study, stimuli were presented one after another. Since ) and tactile agnosia (i.e., a loss of bility that subjects did not retrieve enough object information from memory and therefore did not sufficiently tactile shape representations) (Reed and Caselli, 1994; Caselli, 1997). These behavioral deficits suggest that activate the relevant brain regions. This line of argument was supported by the poor behavioral performance of area AIP is involved in the creation of a "pragmatic representation" of objects, in which the intrinsic object the subjects: crossmodal object recognition was low. Another explanation discussed by Lepage et al. (2001) properties (e.g., size, shape, and orientation) are coded to allow the selection of the appropriate grasping movemay lie in the limited sensitivity of PET for such comparisons (an argument which would also apply to the other ment (Jeannerod et al., 1995) . Typically, the lesions underlying such syndromes extend beyond inferior ante-PET studies mentioned above). In our fMRI study, subjects' performance was excellent and did not signifirior parietal cortex into the supramarginal gyrus and the angular gyrus (Caselli, 1991 (Caselli, ,1993 ; Reed and Caselli, cantly differ between crossmodal and intramodal conditions. One reason for the good behavioral performance 1994). The current experiment extends those neuropsychoof our subjects might be that subjects had been exten- in the center of the screen; during visual object presentation, the cross was directly placed on the depicted object without hiding important features of the object. During tactile object presentation, Experimental Procedures solely a black screen with a centered white cross was shown to the subjects. The experimenter, who was present in the MR scanning Subjects Twelve healthy, right-handed male volunteers (aged 19-34, mean room throughout the experiment, was triggered by a beep via headphones to place the object into the right hand of the volunteer. The 25.8) with no history of neurological or psychiatric disease gave informed consent. All subjects reported strong right hand preference subject's hand rested in a supine position on a plastic pillow, and a tape fixing the wrist to the scanner table reminded subjects not as measured by the Edinburgh Handedness Inventory (Oldfield, 1971) . Only male subjects were tested in order to avoid genderto move their arm during the scanning sessions. After receiving the object, subjects immediately started the active tactile exploration. specific variation in brain size and shape, therefore improving spatial The instruction was to actively palpate the objects using all five of the screen (visual angle 2Њ ϫ 2Њ). Additionally, eye movements were monitored during the tasks by our technical assistants. An fingers and the palmar surface of the right hand. Thus, the whole hand was involved in the tactile object feature exploration. This ANOVA revealed no statistical significant difference (p ϭ 0.64) in the fixation performance of subjects between conditions (fixation strategy seemed to be superior for correct object matching compared with slow and more passive palpations according to the retime in Neurology, London, UK; http://www.fil.ion.ucl.ac.uk). SPM was used was shown, the latter was shown from a different point of view to for image realignment, image normalization, smoothing, and to creensure that all conditions involved mental rotation. Likewise, in the ate statistical maps of significant regional BOLD (blood oxygen level tactile recognition task, if the identical object had to be recognized, dependent) response changes. the object was put into the subject's hand in a different orientation.
Transformed functional data was smoothed with a Gaussian kerThe subjects were instructed to answer as quickly as possible nel using 6 mm (full-width half maximum, FWHM) for single subject whether or not the object was identical to the object presented analyses, and 10 mm for group analysis in order to meet the statistibefore. Responses were made by button press: a left index finger cal requirements of the theory of Gaussian fields presupposed by button press indicated "yes, objects were identical," and a left midthe General Linear Model employed in SPM and to compensate for dle finger button press indicated "no, objects were different." As in interindividual variability in macro-and microanatomical structures the encoding task, a fixation cross had to be fixated on the screen across subjects. while trying to recognize the object in both modes. Accordingly, subjects were asked to fixate during all conditions of interest. Eye Statistical Analysis movements were recorded, and subjects were trained before scanFollowing spatial normalization and smoothing, statistical analysis ning (see below). Each condition consisted of three encoding-recogwas performed. Global means were normalized by proportional scalnition cycles. In 50% of the trials, the pairs of objects presented ing and onset vectors for each condition (i.e., each block) were were identical. Subjects' responses were recorded using a tapping convolved with the hemodynamic response function (Friston et al., apparatus in which the button press interrupted an optic fiber light 1995b). Repeated measures were collapsed within subject and exbeam.
perimental run to give one scan per condition per run per subject. The experimental conditions were then compared between subPrescanning Training jects, thereby affecting a random effects model, allowing inference All volunteers were trained for three reasons. First, we wanted the to the general population. Linear contrasts were applied on the subjects to be familiar with the encoding/recognition procedures.
parameter estimates for the experimental conditions resulting in a As described above, we demonstrated how to tactually explore the t statistic for each voxel. These t statistics were transformed to Z objects and how to answer in time. Second, we trained subjects to values and subsequently interpreted by referring to the probabilistic fixate during all conditions and modes. Third, we were not interested behavior of Gaussian random fields. The extent threshold was set in crossmodal learning effects.
to 20 voxels for all contrasts. For the main effects, voxels were identified as significant if they passed a height threshold of T ϭ 
, Eye Movement Recording and Analysis
We recorded eye movements of each subject using an infra-red 1996]), whereas no significant voxels were observed in the right intraparietal sulcus (search threshold, p Ͻ 0.001, uncorrected). The video-based eye tracking device (ASL 504, fitted with a long-distance optics module; Applied Science Laboratories, Bedford, MA).
region of interest was a sphere of 60 mm diameter directly centered upon the intraparietal sulcus. The center of gravity (x ϭ Ϫ40, y ϭ Due to technical problems, only data from 11 of the 12 subjects could be used for further analysis. We analyzed the duration of Ϫ40, z ϭ ϩ42) was determined according to the mean Talairach coordinates of the local maxima provided by previous studies which fixation in a square around the fixation cross which covered 10% 
